A tribometer requires speed and normal force control as well as a torque measurement to acquire tribological data. An air bearing supported rotational rheometer allows the measurement of the same variables but in a broader range and with better accuracy. This and the intension to measure Stribeck curves as well as the static friction with one single instrument led to the idea to design an accessory turning a rheometer into a high resolution tribometer based on a ball on pyramid principle. Oil lubricated measurements of Stribeck curves and the static friction illustrate the performance of the Rheo-Tribometer. The flow behavior of greases is more complex and extensive rheological and tribologcal testing was performed on three greases of the NLGI classes 0, 1 and 2 at the temperatures of 25 and -40°C. The influence of temperature could be monitored and a correlation between rheology and tribology was found. To link the model system with real applications for greases, a ball bearing fixture for the tribological accessory has been designed for which first results are presented.
Introduction
Viscometers are used to measure the viscosity of fluids with a simple relation between force and deformation rate. Viscosity of these so called Newtonian fluids is constant independent of the applied shear or deformation rate. Complex fluids in general are nonNewtoanian, visco-elastic, sometimes showing an apparent yield stress. Therefore they cannot be measured with simple viscometers. For the characterization of such kinds of fluids a sophisticated rotational rheometer is required. The range of fluids tested with a rotational rheometer stretches from water-like to solid-like materials covering many different applications like polymers melts, food, cosmetics, building materials, coatings, adhesives, to name a few. In order to cope with the diversity of rheological testing needs, a modern rotational rheometer offers a large flexibility with respect to environmental conditions like temperature or pressure, geometries, and the ranges of the applied or measured properties like torque, deflection angle, rotational speed, or normal force. In shear rheology the sample is confined in well-defined geometries like cone-and-plate, parallel-plate, or concentric cylinders with fixed gaps, thus allowing to calculate the respective rheological properties from stress -strain relations relevant for the measuring geometry used [1] .
In tribology no fixed gap is maintained, but two fixtures are pressed together by a normal load. At certain sliding speeds between the two fixtures a hydrodynamic pressure builds up separating the two fixtures, i.e. the gap is changing as a function of the lubricant and the measuring conditions. Different geometries might be used for different tribological applications or in conjunction with different tribological test devices of which the pin-on-disc probably being the most widely used. In tribology the sample or specimen is not just the lubricant between the fixtures. In case of lubricated conditions the sample consists of the upper and lower fixtures and the lubricant in between them, whereas in dry conditions no additional lubricant is present and the sample is basically consisting of just the two fixtures.
In shear rheology the surface of the fixtures do not have any influence on the rheological data as long as the conditions of laminar flow are met. In some cases the surfaces are treated or roughened in order to prevent slip and to assure a laminar flow field. Therefore rheology uses the test fixtures to apply deformation onto the sample, whereas they are part of the test specimen in tribological testings. However, in tribological tests forces, movements and normal loads need to be applied or measured as in the case of rheology. Modern rotational rheometers are equipped with excellent speed and torque control as well as an accurate normal force detector and a precise control of the temperature in a wide range. All these features can also be used for tribology as well, which led to the idea to design an accessory enabling tribological measurements on a conventional rotational rheometer. A rheometer employing a ring on disc setup has been used to measure tribological behavior [2] . Although this device works for some applications it turned out that the lack of backflow of lubricant and the occurrence of isolated friction contacts is limiting its range of use.
The aim of this paper is the twofold, firstly, to describe the new designed tribological cell and the corresponding accessories, and secondly, to demonstrate its use for different applications. The discussed applications cover the more traditional measurement of Stribeck curves for various oils, the determination of the rheological and tribological behavior of different greases at 25°C and -40°C and the characterization of grease in ball bearings.
Background on greases
Greases are used in a lot of applications. Compared to oils they have a number of advantages with respect to the construction and service of lubricated components. However, due to the visco-elastic behavior of greases there are certain constraints to consider. For example when greases are used in automotive application the greases should show a good performance characteristics over a large temperature range. Car manufacturer for example demand that greases used in cars should perform at temperatures as low as -40°C. Therefore having an instrument and methods to investigate the visco-elastic and the tribological behavior of greases over an extended temperature range is highly desirable. Of special importance from the rheological side are the yield and the flow behavior, i.e. the apparent yield and flow points of the greases. They determine the stresses at which the greases are yielding or flowing, respectively [3] . One method to measure theses stresses, which will be integrated in the DIN standard [4] is a socalled oscillatory strain sweep. In such a measurement oscillatory movements with increasing amplitude of the strain are applied to the sample and the resulting oscillatory stress response is measured. Oscillatory measurements have the advantage that it is possible not only to measure viscous behavior at a constant rotational movement, but giving information on viscous and elastic, and thus, visco-elastic behavior of the sample. More information on rheological measurements and specifically on the strain controlled amplitude sweep can be found for example in [1] . From the tribological side friction at a certain sliding speed and static friction are relevant for a good performance of the greases. Greases are used to eliminate noise and to guarantee a smooth movement. In order to measure static friction, the friction force at which the system is starting to move has to be determined. This is similar to the yield behavior in rheology where the stress value is measured when the sample is starting to move. The friction behavior itself is normally presented in Stribeck curves which correlate the friction coefficient with the sliding speed, the viscosity and the normal load.
Instruments and Methods

Rheometer
An MCR 301 rotational rheometer from Anton Paar was used for all tests. The instrument controls the rotational speed and measures the resulting torque very accurately. In addition force controlled measurements are possible by applying a torque and measuring the resulting speed. The normal force can be set and recorded during all tests. The MCR 301 rheometer used features the following measurement ranges: rotational speed: 10 -6 to 3000rpm; torque: 10 -7 to 0.2Nm; normal force: 0.01 to 50N.
Temperature control
For rheological testing a Peltier temperature control system was employed. It consists of a Peltier controlled bottom plate and an additional Peltier controlled hood. The upper measurement geometry used was a parallel plate with 25mm diameter and the sample was located in a 1mm gap between the bottom and the upper plate. In Figure 1 both the rheometer and the temperature control system are displayed. The additional use of an Peltier controlled hood ensures a uniform temperature distribution within the sample over the whole measurement range. This is crucial since a temperature gradient within the sample will induce misleading results, as it occurs when for example only the lower plate will be temperature controlled [5] . The same Peltier controlled hood was used in combination with the tribology cell as will be described later.
Rheological measurement procedure
The zero gap was set at the test temperature and the sample filling was done at +25°C. The cooling rate was 10K/min to reach -40°C. The cooling rate, having a significant influence on the structure at low temperatures, can be altered in order to check different test conditions. After reaching -40°C the sample was equilibrated for 10 minutes. As inert gas N 2 was used to prevent ice formation. Oscillatory strain sweeps with an angular frequency of ω = 10rad/s and strain amplitudes from γ = 0.001% up to 100% have been performed. With strain sweeps it is possible to investigate the viscoelastic behavior at rest and to determine the apparent yield stresses.
New Tribometer Platform
For testing tribological properties a new device has been designed, which can be mounted as an accessory onto the MCR rheometer. It makes use of the large measurement ranges as well as the motor control mechanism of the rheometer, thus transforming the rheometer into a highly sophisticated tribometer. The setup is based on the ball-on-three-plates-principle (or ball-on-pyramid) consisting of a geometry in which a steel ball is held, an inset where three small plates can be placed, and a bottom stage movable in all directions on which the inset can be fixed. The ball-on-three-plates setup has been used before in a dedicated device to measure static friction coefficients [6] . Figure 2 and Figure 3 depict the new tribometer setup schematically and in photos, respectively. The flexibility of the bottom plate is required to get the same normal load acting evenly on all the three contact points of the upper ball. The rotating sphere is adjusted automatically and the forces are evenly distributed on the three friction contacts. An overload of one contact point would result in wrong friction values. The ball as well as the plates for the inset can be exchanged so that the system can be adapted to desired material combinations. The rotational speed applied to the shaft is producing a sliding speed of the ball with respect to the plates at the contact points. The resulting torque can be correlated with the friction force by employing simple geometric calculations. The normal force of the rheometer is transferred into a normal load acting perpendicular to the bottom plates at the contact points.
The relations between the normal force (F N ) and the torque (M) of the rheometer to the normal load (F L ) and the friction force (F F ) experienced by the sample are: The tribology setup is temperature controlled by Peltier elements. As for the rheological measurements the same additional Peltier controlled hood can be used if measurements are performed other than room temperature. The Peltier hood ensures the same temperature at the bottom plates and at the upper ball. The possible temperature range covers -40°C up to +200°C.
Ball Bearing fixture
Two standards are established for low temperature torque measurements of ball bearings in IP 186 and ASTM D1478 [7, 8] , respectively, for starting and running torque determination. These standards describe defined measurement procedures on specialized and elaborate instruments using bearings with a diameter of 47 mm, applies an axial force of 45N and having a fluid circulator temperature control. The measurements should be performed at a temperature below -20°C where temperature control based on a fluid circulator obviously is not the best choice as the temperature setting is time consuming and there is a certain temperature loss in the tubing. A Peltier temperature control as it is established in rheometers for many years and as it is described earlier is supposed to be a much faster and more accurate temperature control solution since it can go down to -40°C while purging the sample with dry gas preventing ice formation. Based on these facts a ball bearing fixture for the tribological accessory has been designed. The intension was to make use of the technical capabilities offered by the rheometer and to archive the best possible testing capabilities instead of following strictly the existing old standards. The maximum torque of the rheometer is limited to 0.2Nm therefore the ball bearing fixture will not be able to cover all applications of the specialized instrument described in the standards. The ball bearing fixture can be mounted on the tribological accessory instead of the plate holder so that bearings with diameters up to 40mm can be investigated. The outer ring of the bearing is held by the fixture whereas the inner ring can be moved by the rotor. The conical shape makes the geometry adaptable to various inner radii so that it can be pressed with a specific normal load of up to 50N onto the inner ring. The motor of the instrument is driving the geometry measuring the starting and running torques of the ball bearing. The entire system can be temperature controlled by the Peltier system in the range from -40°C up to +200°C.
Samples
The performance check of the tribology accessory was conducted with plates made of PC (PolycarbonateMacrolon TM ) and POM (Polyoxamethylene). The ball material was stainless steel for all tests. Commercially available Diesel motor oil (0W-40) and penetrating oil were used for lubrication. The Newtonian viscosity values measured at +25°C were 140mPas for the motor oil and 5.7mPas for the penetrating oil.
Grease measurements were performed with three different mineral oil based greases using the classification of the American National Lubrication Grease Institute (NLGI): NLGI 0, 1, and 2. The small bottom plates for tribological testing on greases were made of Polycarbonate For testing with the bearing fixture ball bearings from SKF/Germany with an outer diameter of 22mm and inner diameter of 8mm were used.
Measurements and Discussion
Performance tests of the tribological accessory
In Figure 3 Stribeck curves are plotted in dry and lubricated conditions using a steel ball on POM plates. At the measuring temperature of +25°C the applied normal load was set to 14N. The speed ramp started from 0.1 and was increased logarithmically up to 3000rpm. The curve representing the friction partners at dry conditions shows a significant increase of the friction coefficient at low speeds and reaches a constant friction coefficient of 0.27 at larger speeds. Citations of friction factors are rare and vary in case of the steel/POM material combination from 0.2 up to 0.4 [9] . Thus the measured value is in good agreement with literature. A motor oil between the friction partners is decreasing the friction at low speeds showing a good lubrication performance over a large speed range. The low-viscosity penetrating oil reduces the friction continuously from the beginning finally reaching a similar friction coefficient as the motor oil at high speeds. The different tribological behaviors are related to the application of the products. Motor oils are optimized for lowest friction whereas an excellent flow behavior is more important for penetrating oils. Therefore from low to intermediate sliding speeds the motor oil exhibits a much lower friction coefficient compared to the penetrating oil. It is known that the material of the friction partners can change the tribological behavior significantly. Therefore PC instead of POM plates were used for the curves shown in Figure 6 . Plates made of PC are shifting all curves to higher friction coefficients but the general behavior is similar as measured when using POM as a friction partner. In Stribeck curve measurements the speed is set and the resulting torque is measured. A modern rheometer can do the opposite as well, setting a torque while the resulting rotational speed is detected. This function is used for static friction measurements in which the torque is logarithmically increased until the geometry shows any movement. The break off can be correlated with the static friction. Figure 6 : Stribeck curve on a semi-logarithmic scale from 0.1 to 3000rpm at +25°C. Steel ball on PC plates, dry (black), lubricated with penetrating oil (red) and with motor oil (blue). Figure 7 shows a static friction test of the steel/PC material combination again lubricated with penetration oil and motor oil, respectively. It can be seen that the ball takes up a significant velocity of more then 1mm/s already at a lower friction coefficient when lubricated with motor oil compared to the penetration oil, indicating a lower static friction for the motor oil. 
Rheology of greases
Compared to mineral oils greases are showing a more complex flow behavior because they have a paste-like structure making them suitable for applications where the lubricant should stay in the tribological contact area. In Figure 8 rheological strain sweeps of three greases of the NLGI classes 0, 1 and 2 at +25°C are shown. In order to show the excellent reproducibility of the method, data of two measurements are plotted for each sample. Shown are the storage modulus G' representing the elastic part, and the loss modulus G'' representing the viscous portion of the samples response to the oscillation. For all three samples G' is higher than G'' at small strains, indicating a solid-like structure. As expected both moduli are increasing for increasing class specifications NLGI 0, NLGI 1 and NLGI 2, respectively. Figure 9 shows the same type of measurement at -40°C. Again data of two measurements are shown for each of the three samples. The general behavior and the obtained order according the sample type is the same as at +25°C, with NLGI 0 having the lowest values of the moduli and NLGI 2 having the highest values, respectively. However, the absolute values of the moduli are significantly higher at -40°C. In order to evaluate the behavior of the greases during the practical application it is useful to evaluate the moduli as a function of the shear stress. In Figure 10 data from Figure 8 and Figure 9 are plotted versus the shear stress. For clarity reasons only one measurement is shown for each sample and temperature. At both temperatures the stresses are lowest for the NLGI 0 sample and the highest for the NLGI 2 sample, respectively. As can be seen the stress values at which the moduli are starting to decrease are lower at +25°C compared to -40°C. In terms of shear stress these values can be attributed as the apparent yield point. At higher shear stresses a cross over of the G' and G'' curves can be seen. At strains higher than the cross over point the viscous part, i.e. G'', is higher compared to the elastic part, i.e. G', indicating the samples are liquid-like now showing flow behavior. Therefore the cross over point is also called flow point. The stress values at the flow point are clearly higher compared to the stress value at the end of the LVE-range.
The rheometer software enables the determination of both the yield and the flow point. For the practical use in the automotive industry the stress value at which the lubrication greases are starting to flow is an important property. In Figure 10 the stress values at the flow point (cross over of G' and G'') as given by the analysis method are displayed in addition to the G' and G'' curves. The stress values at the flow point are nicely ordered from 120Pa for NLGI 0 at +25°C to 9350Pa for NLGI 2 at -40°C. 
Tribology of greases
In Figure 11 the friction coefficient as a function of the sliding speed for two greases measured at +25°C and -40°C are shown. All data have been measured at least 3 times and a good reproducibility was observed. For clarity reasons only one measurements curve per sample and temperature is shown. For both greases, at low sliding speeds up to 5mm/s the friction values are lower at -40°C (squares) compared to +25°C (circles), whereas at higher speed up to 100mm/s the friction coefficient is lower at +25°C compared to -40°C.
A possible explanation of these effects might be given by considering the rheology data from Figure 10 , which show that at -40°C the structure of the greases is stronger compared to +25°C. It seems that due this stronger structure and higher yield stresses a thicker film is present at lower temperatures, resulting in smaller friction values at low speeds. At higher speeds part of the grease in the contact area might be moved out and the stonger yield behavior restricts a back flow of the grease. Therefore the film thickness is reduced and the friction increases. This would also explain the fact, that at both temperatures the friction value for the NLGI 2 sample increases already at lower speeds compared to the NLGI 0 sample. The NLGI 2 has larger yield and flow stresses as NLGI 0. In order to investigate the static friction behavior measurements were performed for the same two greases for which the friction force was logarithmically increased. Again a normal load of 14N was used. Before the actual measurement a run-in at a speed of 10 mm/s was performed for 10min. followed by a rest period for another 10min. In Figure 12 the results of these tests are shown. Again the friction coefficient is plotted versus the sliding speed. At small forces there is noticeable practically no effective movement and the data are scattering around zero speed, represented by small values on a logarithmic scale. If the force is large enough to overcome the static friction the speed is jumping from zero (or very small values) to larger values. At +25°C (circles) the friction coefficient remains more or less constant up to the maximum plotted speed. However, at -40°C (squares) a step in speed can be seen as well, and at higher speeds the friction is increasing again. This is in accordance with the increase of the friction coefficient at smaller speeds in Figure 11 at -40°C compared to +25°C. The static friction, which can be taken as the friction value when the big step in the speed is occurring, is smaller at -40°C compared to +25°C and it is also smaller for the NLGI 2 sample compared to the NLGI 0 sample at both temperatures. A possible reason might by the larger yield and flow stresses at lower temperatures, which might result in a larger film thickness at the beginning of the test. The same explanation can be used when NLGI 0 and NLGI 2 are compared at the same temperature. NLGL 2 has a larger yield stress and lower static friction value, i.e. a larger film thickness. 
Measurements of ball bearings
Ball bearings are often lubricated with greases ensuring lowest possible friction under working conditions. Starting friction, running friction and roll out time after an applied speed are the most interesting parameters.
The settings for the starting torque measurement are the same as for the static friction determination. The torque is logarithmically increased and the occurring speed is measured. Figure 13 shows such starting torque measurements at -40°C, +25°C and +60°C. Due to the influence of the yield point of the lubricant on the starting torque the ball break-off requires more force at lower temperatures. It has been shown before that the shear stress to overcome the yield point is strongly temperature dependent. The lower the temperature, the higher the yield point and the more force is required to induce flow. Therefore greases for bearings need to be designed carefully as on one side a good structure is beneficial to keep the grease at the desired position, whereas on the other side the yield point prevents the ball from rolling by increasing the starting torque. The rolling friction test presented in Figure 14 is showing a rotational speed ramp ranging from 0.1 up to 3000rpm. The curves measured at +25°C and +60°C look similar even though the measured values are lower for +60°C. For both curves the torque increases slightly in the speed range form 0.1 to 100rpm, whereas at higher speeds a steep slope can be observed indicating a lubrication problem. At -40°C the lubrication is insufficient right from the beginning since the running torque increases continuously. At 200rpm the lubricant's viscosity drops due to friction heating resulting in an improved lubrication. A roll-out test consists of two intervals. In the first interval the rotational speed is set to 3000rpm and held at this speed for 10 seconds, whereas in the second interval the deceleration is measured. For clarity reason in Figure 15 only the second interval is presented. The roll out time of the ball bearing increases in the order of the temperature. At -40°C the bearing roll-out is three times shorter compared to +60°C. 
Conclusions
A state of the art rheometer is obviously not limited on the determination of flow behavior only. Due to the excellent speed and torque characteristics and the capability of setting and reading normal forces, it can be used for applications, it was initially not designed for. This statement is underlined by the presented accessories for tribology and additional holder for ball bearings. The results obtained in the performance tests of the tribological accessory on dry and oil-lubricated friction partners were reproducible and in good agreement with data from literature. It could be shown that a single instrument can measure Stribeck curves as well as static friction data. An extensive rheological and tribological study was performed on greases from NLGI class 0, 1 and 2. Significant differences were obtained in strain sweeps in terms of yield point and elastic/viscous moduli between the specified classes. In addition the influence of temperature on the structural strength could be observed as well using a Peltier temperature control system down to -40°C. It has been shown that structure properties had significant influence on the lubrication behavior. The grease having a high yield point was showing low static friction whereas the lubrication properties were reduced at high sliding speeds. Therefore for a good static friction performance a high structural strength is beneficial but it also leads to a low speed collapse of the lubrication film and vice versa. The temperature dependency of the starting friction, the running friction and the roll-out behavior of ball bearings were studied on a specially designed fixture mountable on the tribological accessory. The grease/bearing combination used had a good friction performance in the range from 0.1 to 100rpm but at higher speeds as well as at -40°C the lubrication was insufficient. The importance of both sciences tribology and rheology is obvious for the lubricant development and characterization. The presented Rheo-Tribometer covers both tribometry and rheometry and is therefore a powerful and cost-saving tool for investigations on lubricants.
